The microstructure of an epoxy system oriented in high magnetic fields (15-25 T) has been observed to consist of highly oriented domains at the molecular level along the direction of the applied field. The changes in the microstructure have been characterized as a function of the magnetic-field strength and have been investigated microscopically and with wide-angle X-ray diffraction. The mechanical properties of the epoxy have been examined in light of nanoindentation experiments at different load levels. The basic results of the experimental investigations for the effect of high magnetic fields on the structure and property of the epoxy are presented. Nanoindentation testing has revealed large differences in the nanomechanical behavior for thermomagnetically processed epoxy specimens. The differences can be ascribed to the microstructural changes (reorientation) of the polymer at the molecular level.
INTRODUCTION
The need for high-strength materials for structural applications has driven the development of polymeric materials with a high degree of anisotropy at the molecular level. The ability to direct the local organization of polymer materials through the rational design of the chemical structure and processing methods is of continuing scientific and technological interest. One means of guiding the development of desirable microstructures is an externally applied field. The gradients in the thermodynamic potential may be chemical, mechanical, magnetic, or electrical in origin.
Long-range ordering of the polymer chain axes resulting in chain alignment can be induced by several methods, such as melt spinning, 1 extrusion, 2 and injection molding. 3 Some of these techniques produce an oriented shell of the polymer with a relatively unoriented inner core. 4, 5 This uneven shell-core orientation can be attributed to different factors. For example, the morphologies produced through injection molding are governed by three major factors. They are the rheological and interfacial properties of the constituent components (e.g.,, shear viscosity, fluid elasticity, and interfacial tension), the blend composition, and the processing variables (e.g., temperature and shear rate). 6 In a similar investigation, Quintana et al. 7 observed that the surfaces (skin) of injectionmolded specimens that cooled more rapidly during the injection molding exhibited markedly finer polymer domain structures than their inner parts (core) and the specimens prepared by compression molding, in which the separate coalescence of the polymer drops could proceed.
The orientation of polymer chains subjected to the influence of external electric fields has also been an area of extensive study. Electric fields are of use because of the degree of precision that can be exerted over the magnitude and dynamics of the field and the ability to create micromachined electrodes of well-defined size and shape. 8 Controlling the orientation of organic molecules with electric fields plays an important role in commercially important devices, such as liquid-crystalline displays. Liquid-crystalline polymers exhibit dramatic alignment effects in electric fields. Korner et al. 9 and Shiota and Ober 10 created aligned samples of liquid-crystalline thermosets by curing in an alternating-current electric field. The structure evolution during curing was monitored by in situ X-ray diffraction. The orientation was found to be dependent on both the liquid-crystal nature of the thermosets and their dielectric anisotropy. The orientation was controlled through variations in the frequency of the alternating electric fields, and it was locked into a robust network structure by a crosslinking reaction that took place concurrently with orientation. The Korner investigation showed that reorientation could be introduced to a thermoset polymer by a small electric field of 1 V/m through a change from a high-frequency electric field (Ͼ1000 Hz) to a low-frequency one (Ͻ50 Hz). This change in frequencies caused a 90°fl ip in the molecular orientation. The magnetic-field-induced alignment of polymeric materials has been the focus of several research efforts. [11] [12] [13] [14] [15] [16] Polymeric materials can interact with a magnetic field through the diamagnetic anisotropy of the constituent chemical units. The energy that the chemical unit gains through the interaction with an external magnetic field is dependent on the orientation of the unit with respect to the magnetic field, and so the unit tends to align in a direction that would minimize its energy. 15 The tendency of a unit to align is suppressed by the thermal agitation, if the energy reduction due to alignment cannot compensate for the energetic penalty that arises because of the expenditure of thermal energy. This is the case for non-liquid-crystalline polymers in melts and solutions. The application of a magnetic field has a significant effect on the orientation of liquid-crystalline materials through the interaction with molecules with diamagnetic anisotropy. Polymer molecules tend to align with their chain axes parallel to a magnetic field, especially when the randomizing effect of thermal energy is reduced by the orientation of the molecules within a mesophase. 16 The magnetic orientation of various polymers has been measured with X-ray diffraction, 5, 11, 15 magnetic birefringence, 14 and nuclear magnetic resonance 17 and through the study of the effect of such orientation on their microstructure. 11, 16, 18, 19 The application of a magnetic field during polymer processing produces enhanced mechanical and physical properties with respect to mechanical stretching. For example, when a magnetic field was applied during the cure reaction of a liquid-crystalline epoxy, 5, 11 the molecules aligned along the direction of the applied field. Measurements of the orientation parameter of the fully cured material by wide-angle X-ray scattering (WAXS) showed that the orientation improved with an increase in the field strength. The orientation parameters attained a maximum level at a field strength of approximately 12 T. The elastic tensile modulus increased with the square of the orientation parameter, attaining a maximum value of 8.1 GPa (cf. 3.1 GPa for the unoriented material). In a similar study, Manko et al. 20 investigated the effect of weak magnetic fields on the properties of Kevlar Aramid fiber reinforced epoxy plastics. The greatest effect of hardening was achieved at a magnetic-field intensity of 9.6 kA/m, at which the ultimate strength increased by 23% and Young's modulus increased by 30%.
The characterization of polymeric materials on a submicrometer scale is necessary for evaluating their performance in a wide variety of applications. Furthermore, the nanoscale properties that control the various aspects of material performance can be different from the bulk properties because of differences in the local chemistry or microstructure. 21 Several testing standards can be used to characterize the mechanical properties of polymers, such as uniaxial tensile testing and dynamic mechanical analysis (DMA). However, to detect the effects of magnetic processing, special instruments are used to obtain high-sensitivity force and displacement measurements. Nanoindentation has emerged as a reliable technique for measuring the mechanical properties of both bulk and thin-film samples. [22] [23] [24] However, despite the insight that this technique can provide, far fewer studies of the nanoscale indentation of polymeric materials have been reported, presumably because of the time-dependent mechanical behavior, which can complicate the interpretation of the results. Briscoe et al. 25 showed recently that with newer data analysis methods such as that proposed by Oliver and Pharr, 26 it is possible to obtain reliable values of the modulus and hardness. Drechsler et al. 27 used nanoindentation with scanning force microscopy to evaluate Young's moduli of polycarbonate/poly(methyl methacrylate) (PMMA) blends. They showed that it is possible to evaluate polymeric material constants such as stiffness and viscosity with high local resolution. Brun et al. 28 determined the mechanical properties of polypropylene by nanoindentation tests. This allowed them to estimate the hardness and Young's modulus for various penetration depths. Nanoindentation and nanoscratch testing of uniaxially and biaxially drawn poly-(ethylene terephthalate) film were carried out by Beake and Leggett. 29 These tests were used to correlate the effect of the difference in the processing history to the changes in the elastic modulus, hardness, and wear resistance. In the study carried out by Amitay-Sadovsky et al., 30 the surface nanomechanical properties and morphology of thick polyurethane films were investigated with nanoindentation experiments performed at very low loads and small penetration depths. This investigation demonstrated that the elastic behavior of the polyurethane surface could be remarkably different from that of the bulk material. The distinctly different mechanical response to an applied pressure between the surface and nearsurface bulk regions of the polymer was attributed to the packing of the polymer chains at the contact region. Van Landingham et al. 31 discussed the effects of viscoelasticity in polymer nanoindentation experiments and suggested different calibration procedures to account for the viscoelastic polymer behavior. In a parallel investigation, the effects of the maximum load and loading rate on nanoindentation experiments for several polymers were studied by Klapperich et al. 32 In this study, the microstructure evolution due to the magnetic processing of an epoxy system was evaluated with electron microscopy and wideangle X-ray diffraction (WAXD). The mechanical behavior of the magnetically processed epoxy was investigated with the nanoindentation technique.
The unloading data of the epoxy response were used to determine the surface nanomechanical properties, such as the elastic modulus and hardness. The results are discussed in the context of microstructural changes induced by the application of high magnetic fields during the curing of the epoxy.
EXPERIMENTAL

Materials and Processing
Aeropoxy was used as the matrix. It is a mediumviscosity, unfilled, light amber laminating resin designed for structural production applications. According to the specifications furnished by the manufacturer (PTM&W Industries, Inc.), the components of the epoxy used here are Aeropoxy PR2032, a material containing diphenylolpropane (bisphenol A), and a multifunctional acrylate; the hardener component Aeropoxy PH3660 is a modified amine mixture. The epoxy also contains some acrylic monomers. These materials do not contain metallic compounds of any kind. The absence of metallic compounds in the epoxy resin eliminates the possibility of metallic-compoundinduced orientation of the polymer bundles, and this attributes the response to the magnetic field to the polymer network itself.
This resin laminates very easily and wets out fiberglass, carbon, and Kevlar Aramid fibers readily. Used with the PH3660 hardener, this system cures at room temperature for 24 h. The typical properties of this epoxy are listed in Table 1 .
The components were mixed mechanically by sonication for 10 min. The mix ratio for each sample was 4:1 (w/w). The epoxy system was degassed moderately until no gas bubbles could be seen, and then it was injected separately, with 10-mm syringes, inside quarts tubes 8 mm in diameter and 50 mm long. The quartz tubes were sealed and wrapped around a sample holder with nonmagnetic tape. The magnetic processing of the samples was carried out at the National High Magnetic Field Laboratory (Tallahassee, FL). The magnetic fields were generated by a 25-T direct-current (DC) resistive solenoid. This magnet has a large bore so it can accommodate a furnace. The temperature inside the furnace is provided by a heating element and is measured by a Pt thermocouple, which has low magnetic properties. A proportional-integralderivative (PID) controller controlled the temperature.
Once the sample holder was placed inside the furnace, the furnace was pushed into the magnet bore so that the samples were in the center of the magnetic field, and subsequently, the magnet was brought up to a 25-T field. The samples were left to cure at room temperature inside the field for 2 h with no applied heat so that the viscosity remained as low as possible. Then, the furnace was heated to 60°C, and the samples were left to cure under the magnetic field for another 2 h. After this, the magnetic field was reduced to 0 T, and the samples were placed in another furnace at 60°C for another 2 h to fully cure. The experiment was repeated at a 15-T field with the same magnetic processing and curing cycles. One reason for this two-stage cycle was that we conducted a parallel investigation, trying to align carbon nanotubes inside the epoxy matrix under a high magnetic field. The composite was left to cure at room temperature for 2 h so that the viscosity remained as low as possible. Keeping the viscosity low was expected to allow the carbon nanotubes to move easily in the resin medium. The next curing step at 60°C was to lock the movement of the nanotubes, under the assumption that alignment had occurred. We demonstrated the alignment of the carbon nanotubes.
33,34
Polymer Orientation Analysis
Fracture surface samples were obtained by the cleavage of the samples after they were notched with a razor blade. The fracture surfaces were cut parallel to the magnetic-field direction. The fracture surfaces were examined with an Electroscan model E-3 environmental scanning electron microscopy (ESEM) facility.
We obtained polished sections of the processed samples by sectioning parallel to the magneticfield direction and by using a Philips X'Pert PW-3040 MRD X-ray diffractometer equipped with a pole figure goniometer with Ni-filtered Cu K␣ radiation. The accelerating voltage was 50 kV, and the tube current was 40 mA. The 2 scan data were collected from 2 ϭ 1°to 2 ϭ 30°in 0.01°s teps for a period of 1 s per step. A series of radial scans were obtained at various azimuthal angles () through the rotation of each sample on its own plane between ϭ 0°and ϭ 360°. The scans were performed in 0.1°steps for a period of 0.5 s per step. A schematic of the X-ray sample holder is shown in Figure 1 .
Incomplete pole figures were obtained with varying from 0 to 85°in 5°intervals and varying from 0 to 360°in 5°steps. Obtained raw pole figures were further normalized as follows:
where function P(y) is the volume fraction of the sample for which the lattice plane normal h is parallel to the sample direction y.
Characterization By Nanoindentation
The distinguishing features of most nanoindentation tests are that the penetration depth scale and the area of contact between the indenter and the specimen are measured indirectly instead of the area being calculated from the residual impression left in the specimen surface upon the removal of the load. [35] [36] [37] [38] The measurements of the elastic modulus and hardness by load-displacement sensing indentation techniques 26 are made with a Berkovich indenter, which is a sharp, triangular pyramid made out of diamond. The key data needed for the analyses are the peak load (P max ), the displacement at the peak load (h max ), and the initial unloading constant stiffness (S), that is, the slope of the initial portion of the unloading curve.
The effective modulus (E eff ) can be related to the stiffness by the following expression:
where A is the projected area of the indenter (for the Berkovitch indenter, it has been calculated to be 24.5h s 2 , 39 where h s is the intercept of S at zero load). The contact depth (h c ) is calculated as follows:
⑀ is 0.75 for a Berkovitch indenter. Because the indenter is never a perfectly shaped pyramid, a tip-shape correction and a compliance of the indenter frame have to be applied to the analysis, and this results in the following expression for the true stiffness of the contact (S real ):
where C f is the frame compliance. E eff is hence given by
where C is the measured compliance, defined as the inverse of S.
A nanohardness tester, with a diamond Berkovitch indenter, manufactured by CSM Co., was used to indent both the reference sample and the processed epoxy samples. The displacement and force resolutions of this instrument were 0.04 nm and 1 N, respectively.
To clean the indenter tip, we made several indentations at different load levels on a flat copper sample. The reference sample was standard fused quartz supplied by CSM (Young's Modulus, E ϭ 72 GPa). Fused quartz is an isotropic material used as a calibration standard by the nanoindentation community because its hardness and elastic modulus do not vary significantly with the indentation depth. The experiments for the calibration sample consisted of arrays of 40 indentations, each array spanning eight different loads (0.5, 0.7, 1.0, 1.2, 1.5,10, 40, and 100 mN) repeated five times per load. The data from each of the five indentations made to the same load were analyzed. The loading rates used for each load level were 1.00, 1.4, 2.00, 2.4,3.0, 20, 80, and 200 mN/min, respectively. Representative unloading curves for the calibration sample are shown in Figure 2 .
The epoxy samples were prepared by successive grinding steps with sand paper down to 200 grits and by polishing steps with 1-m diamond paste on nylon cloth.
The tip was calibrated according to the results of the reference material and was cleaned with isopropyl alcohol before each indentation set for the epoxy samples. The set of indentations of all the three epoxy samples were performed for a range of maximum loads between 300 and 1000 N at a constant loading/unloading rate of 1.8 mN/min.
RESULTS AND DISCUSSION
In this study, the epoxy cured without a magnetic field is labeled 0T; the epoxy cured under 15 T is labeled 15T, and the sample cured under a 25-T field is 25T.
Microstructure Results
The microstructures of the magnetically untreated and magnetically processed samples were examined with ESEM. We prepared fracture surfaces by fracturing across the alignment direction on planes parallel to the magnetic-field orientation. The micrographs of the fracture surface of the epoxy samples are presented in Figure 3 . Figure 3 (a) shows a micrograph of the fracture surface of a sample processed outside the magnetic field, exhibiting no preferred orientation of the polymer. The application of the 15-T magnetic field led to the development of domains within which the chains of the epoxy were oriented in the direction of the field. The morphology of the epoxy processed in the presence of the magnetic field consisted of the formation of fibrils, as shown in Figure 3(b) . In a sample processed under a 25-T magnetic field [ Fig. 3(c) ], the fibrils were more uniform along the direction of the magnetic field, and all domains, including the boundary, showed a common orientation, aligning efficiently with the field. It is clear that the preferred orientation induced by the 15-and 25-T fields is very apparent in the fracture surfaces of samples. The preferred orientations induced by the 15-and 25-T fields are very apparent in the fracture behavior of the samples, which is fissile on planes parallel to the magnetic-field axis, as shown in Figure  3(b,c) , respectively.
WAXD Results
It is commonly understood that amorphous chain segments can have some long-range order. WAXD is used for the conformation analysis of amorphous chain segment ordering. The 2 scans for three different epoxy samples at ϭ 0°are shown at Figure 4(a) . There are no significant peaks that can be attributed to crystalline phase; only a weak and diffuse amorphous halo exists. The degree of crystallinity of the epoxy resin is very low. Most of the macromolecules are in an amorphous region. The analysis of this halo can provide information concerning the structure of the amorphous regions. The position of the halo is at 2 ϭ 19°, corresponding to a period distance of 4.7 Å, which is related to the average interchain distance in the amorphous component. The decrease in the intensity of the peak as the magnetic-field strength increases is clear in Figure 4 (b), and it indicates that the magnetic field minimized the orientation density along the transverse direction (TD) of the samples at ϭ 0°. For ϭ 90°, the diffraction scans give information about the amorphous chain orientation along the axis of the sample that was parallel to the applied magnetic field. The results of the scan along the sample axis suggest that the magnetic field forced the amorphous phase to reorient along the magneticfield direction; this reorientation is more pronounced at 2 ϭ 19°. This is most likely due to a two-dimensional stretching effect that is generated in the crosslinked epoxy network, which locks in a polymer configuration in which an energetic equilibrium is reached between the interaction of the magnetic field with the polymer chains and the drag forces on the polymer chains (due to increasing viscosity) that inhibit polymer chain movement.
The change in the intensity of the amorphous peak signifies that the amorphous chains segments reoriented parallel to the sample axis are more densely packed than those that are either randomly oriented or oriented perpendicularly to the sample axis. The peak of the amorphous halo increases proportionally to the increment in the magnetic-field strength. To study the alignment of the amorphous phase, we measured comprehensive azimuthal scans by fixing the 2 value at 19°and varying in the range of 0°Յ Ͻ 360°f or each magnetically processed sample, as shown at Figure 5 . It is clear that all three scans contain a set of two peaks and that the peaks in all the scans are located at the same angles, around ϭ 90°and ϭ 270°, with a separation of 80°. The obvious features of the azimuthal intensity scans of the amorphous diffraction is the increase in the halo intensity with the strengthening of the magnetic field and the narrowing of the width of the peak. The full width at half-maximum (fwhm) of sample 0T was 89°, and it decreased significantly under the magnetic field: 61°f or sample 15T and 56°for sample 25T. There was only a small reduction in the values of fwhm upon the increase in the magnetic field from 15 to 25 T. This was due to the fact that increasing the magnetic field from 15 to 25 T produced a slightly higher degree of orientation along the magnetization direction (MD) during curing. This confirms the reorientation of the amorphous chains along the axial direction of a sample parallel to the applied magnetic field.
The sample cured at 0 T was not fully random in texture. This initial residual orientation may have been due to the injection effect when the mixture was injected into the quart tubes. Gravity could also contribute a little to the weak texture. It is well known that the processing methods in fabrication will introduce this effect. For this epoxy system, we applied the same fabrication process, except for the change in the magnetic field, to study the effect of the magnetic field on the orientation during curing. What is important is the degree of randomness, which is a measure of orientation. The sample cured at 0 T had a texture intensity of approximately 3 times random. This is a fairly common texture intensity for samples processed under equivalent conditions. This increased to approximately 8 times random for the samples cured in the field. This is a significant increase in the texture intensity. The separation of the peaks in the azimuthal scans shows that the change in texture was also qualitative and indicates a consistent change in the nature of the texturing for these materials.
The aforementioned in-plane orientation relationships are in good agreement with a previous study of epoxy resin systems cured under magnetic fields, 5, 11 in which it was found that the presence of the magnetic field during the cure reaction aligned the molecules along the applied field. Orientation parameters obtained from WAXS pattern showed that the orientation obtained a maximum level at a field strength of approximately 12 T. In this study, the scans showed that the molecules oriented along the magnetic direction and that the stronger magnetic field introduced the highest degree of orientation at a field strength of 25 T.
To further understand the orientation of the molecules in an epoxy resin, we constructed pole figures at 2 ϭ 19°of these three samples. A pole figure may represent not only the orientation of the crystalline component of a polymer 40, 41 but also the orientation of the amorphous component. 42 Figure 6 shows the normalized raw pole densities plotted in units of a time random distribution in which 1 corresponds to complete random orientation distribution. In these graphs, the intersection of the crosshairs corresponds to the normal direction (ND; see Fig. 1 , which gives the sample direction). The maximum pole intensity in sample 0T is 4.2 time random units, which is very low compared to that of 8.6 time random units in sample 15T and 9.5 time random units in sample 25T. In the absence of a magnetic field, the cured sample was isotropic. The maximum orientation of the molecules was along the ND. Under the magnetic field, the maximum of the intensity increased, and the texture components were still on the ND-MD plane. With the increase in the magnetic-field strength, the texture component moved toward the MD. In sample 0T, the texture component with the highest intensity was around ND. In sample 15T, the texture component was tilted 15°from the ND toward the MD. In sample 25T, the component was 35°from the ND toward the MD. It is clear from the established pole figures that with the increase in the magnetic-field strength, more molecules were oriented toward the MD direction. Table 2 shows the data used for the constantmodulus tip-shape correction collected from the reference sample. Only the range of 95-40% of the unloading portion was considered for obtaining S to minimize the viscoelastic behavior due to creep-related artifacts commencing at the onset of unloading. 31, 32 The initial unloading slope (stiffness S) was then found by analytical differentiation of the power law and by the evaluation of the derivative at the peak load and displacement. To find the area function and the load frame compliance, we obtained initial estimates of the machine compliance C f and the apparent modulus by plotting C versus A Ϫ1/2 for the two largest indentations (40 and 100 mN) . With these values, contact areas were computed for all eight indentations loads, from which an initial guess of the area function A(h c ) could be obtained. Because the exact form of the area function influenced the values of C f and E eff , the procedure was repeated several times until convergence was achieved. Figure 7 shows a plot of the final values of C Ϫ C f versus A 1/2 . The data are linear and extrapolate to C Ϫ C f ϭ 0, as expected when the appropriate machine compliance and area function are achieved. The calculated value of C f upon convergence was 0.7105 nm/mN.
Nanoindentation Results
The results for the calibration of the fused quartz sample are tabulated in Table 2 .
The Young's modulus values of the reference material are very close to the standard value of 72 GPa, especially for maximum applied load values over greater than .5 mN. Figures 8 and 9 show the corresponding loading-unloading cycle data for the three epoxy samples at two different maximum load levels. The data were obtained at a constant loading/unloading rate of 1.8 mN/min. The maximum displacement was in the range of 460 -660 nm, as shown in Figure 8 . The nanoindentation of the epoxy shows that the sample processed inside a 25-T field had the minimum penetration depth in com- parison with the 15-and 0-T samples. With the area function obtained from the fused quartz sample together with the machine frame compliance, the apparent moduli and hardness for the epoxy samples were calculated, and they are given in Table 3 . The tabulated values of the modulus and hardness represent the averages of five different experiments.
The calculated modulus and hardness were consistent for each sample, with an increasing trend for the Young's modulus values with a decreasing penetration depth for all the epoxy samples.
Comparing the results reveals that the samples processed inside a magnetic field became harder and stronger than those processed in the Figure 9 . Representative load-displacement curves corresponding to each of the magnetically processed epoxy samples. The maximum load applied was 500 N, and the loading/unloading rate was 1.80 mN/min. absence of a magnetic field. The increases in the modulus and hardness for the sample cured under 25 T were 30 and 82% higher than those for the sample cured outside the field. The indentation test gave a much higher value of the elastic modulus than the tensile tests for a bulk sample, as shown in Table 1 . One important factor is that the current samples were cured differently (60°C for 4 h). Another factor is the difference in the specimen size. The tensile modulus is measured on the available sections of specimens. The volume of the section loaded by tension is much greater than the compressed contact zone by indentation tests. Also, the indentation includes both tensile and compression loadings, which have different loading rates than a standard tensile test. Finally, the high modulus values were probably affected by viscoelastic creep, which can increase the initial slope of the unloading curve.
Nevertheless, the trends are similar for all the epoxy samples tested; therefore, if these intrinsic errors cannot be eliminated, the relative values of the hardness and elastic modulus evaluated against a reference material can be used for comparison. Figures 10 and 11 show the variations of the elastic modulus and hardness as a function of both the magnetic-field strength and the maximum indentation load. Clearly, both the hardness and modulus attained higher values as the magnetic-field strength increased. The fact that Young's modulus evaluated at near-to-surface layers was higher in magnitude than the bulk values can be attributed to minor modifications of the material physical properties due to the exposure of the epoxy to environmental effects, such as light and air, before the experiments. The outer surface of a polymeric sample starts to solidify first, and because it is the most exposed to both light and oxidization, it is more likely to have higher hardness and modulus than the core of the sample. Briscoe et al. 43 observed similar results for different polymeric systems such as PMMA, polystyrene, polycarbonate, and ultra-high-molecular-weight polyethylene.
Attractive adhesion forces are often encountered during tip retraction when soft materials are tested. Such adhesive forces are not normally observed in nanoindentation experiments with hard bulk materials or coatings, and they have been consistently overlooked in polymer nanoindentation studies. The application of instrumented indentation devices to the measurement of the elastic modulus of polymeric materials often leads to measurements of the elastic modulus that are somewhat high with respect to bulk measurements These problems are likely caused by viscoelasticity, the effects of which have only been studied recently. 31, 44 The current analysis of the unloading data is based on elasticity, which, when applied to viscoelastic materials, can lead to large uncertainties in the calculated values of the modulus. Moreover, the deliberate calculations carried out to calculate h c , the indenter tip area, and the machine frame stiffness have a direct and substantial influence on the resulting values of the computed hardness and elastic modulus. Experimental uncertainty in the initial zero point determination (for Unloading, P ϭ 0) and the deviation of the indenter geometry from the assumed perfect cone shape also contribute to the errors in the calculated modulus and hardness values. The intrinsic limitations of the calibration procedure adopted (the tip is calibrated on a hard surface such as that of fused silica) may not be completely avoided.
Van Landingham et al. 31 concluded that measurements of E with depth-sensing indentation (DSI) tend to increase with decreasing penetration depth; this is often called an indentation size effect. This artifact also appears to be a problem for the indentation of polymers with DSI; these trends result from increased uncertainties for shallow-depth indentations that are likely due to tip defects near the apex and decreased signal-tonoise ratios at low load and displacement levels. Also, values of E measured for polymers with DSI are significantly higher than values measured with tensile testing or DMA. For example, Lucas 45 reported E (DSI) ϭ 1.2 GPa, E (tensile test) ϭ 0.4 GPa, and E (DMA) ϭ 0.5 GPa for poly(tetrafluoroethylene). In another investigation, Kourtesis et al. 46 found the modulus of PMMA to be 3.27 GPa with nanoindentation and 1.55 GPa with uniaxial compression testing.
CONCLUSIONS
On the basis of this investigation, it is evident that magnetic alignment is a phenomenon closely related to the self-organizing process of the polymeric system. The microstructures of the polymer samples processed inside 15-and 25-T fields were shown to have local orientation along the field's directions. WAXD showed a high degree of alignment when the azimuthal scan was parallel to the field direction ( ϭ 90°and 2 ϭ 19°). The alignment was proportional to the strength of the magnetic field. The pole figure analysis confirmed this observation.
DSI methods were used to measure the elastic modulus and hardness of the thermomagnetically processed epoxy. The elastic modulus for the magnetically cured epoxy samples (25 T) increased by 30 -38%, and the hardness increased by 80%, in comparison with those of samples cured outside the magnetic field. The homogeneously oriented structures in the magnetically oriented epoxy were translated into enhanced mechanical properties of the epoxy system. Because the magnetic field is penetrable and its direction and strength are controllable, it is possible to fabricate materials with higher mechanical characteristics in which the alignment profile is specially designed.
